Title: Poor sleep quality and progression of gait impairment in an incident
but probably relate to a predilection of α-synuclein pathology for certain brainstem structures. The pedunculopontine nucleus (PPN), in particular, is pivotal in the regulation of the normal sleep-wake cycle; PPN cholinergic neurons display selective vulnerability in PD. [5] The PPN is also implicated in postural control and has attracted interest recently as a deep brain stimulation target for non-doparesponsive axial symptoms in PD. Although numbers studied are small, it is notable that significant improvements in both daytime somnolence and nocturnal sleep stability have been described. [6] Additionally, data from large, prospective population studies demonstrate a link between objectively-recorded poor quality sleep and poor motor outcomes. [7] In normal older individuals, decreased gait velocity and increased gait variability, particularly in the context of dual-task walking conditions, are associated with poor sleep quality. [8] RBD, often a syndromic prelude to PD, is associated with subtle gait changes, particularly gait variability. [9] Secondary analysis of gait differences between our early PD cohort and age-matched controls [10] showed that step width variability was the most discriminatory gait measure in early PD (more so than gait speed and the variability of step length or time) [11] .
We hypothesised that early sleep dysfunction in PD would predict more rapid deterioration in gait and sought to explore this in a well-characterised, incident PD cohort. sub-domains were assessed by previously described methods. [14] Depression was rated with the Geriatric Depression Scale-15 (GDS-15).
Sleep was assessed at baseline, as described previously. Gait was assessed at baseline and 36 months, using single-task and dual-task paradigms, as described previously. [10] Briefly, assessments were performed using a 7-m-long x 0.6-m-wide instrumented walkway (GAITRite, CIR Systems, USA). Participants walked at their preferred pace for two minutes around a 25-m circuit incorporating the walkway. PD participants were tested approximately one hour after medication intake. For dual-task assessment, each participant completed the same circuit whilst repeating string of numbers, the length of which was set at their seated maximum forward digit span. Gait characteristics were selected in keeping with a previously published model of gait validated in PD. [16] Variability characteristics were calculated using the within-person standard deviation (SD); asymmetry was calculated as the absolute difference between the mean of left and right steps.
Actigraphic data was computed by customised software (CamNtech, UK). For lower limbs, this produced a periodic limb movement index (PLMI); for wrist actigraphy this generated an estimate of total sleep time, sleep efficiency (SE) and a sleep fragmentation index (SFI). Pearson and Spearman correlations (and subsequent partial correlations) were performed using SPSS (v.22, IBM).
Twelve PD patients and twelve control participants completed baseline and 36 month assessments.
Relevant clinical and demographic data are presented in Table 1 . One PD participant took a hypnotic agent PRN during the two week period of wrist actigraphy. One PD participant had moderately severe obstructive sleep apnoea with an apnoea-hypopnoea index of 15.0/hr; five PD participants had PLMI >5.0/hr, of which four were >15.0/hr -two of these patients satisfied diagnostic criteria for Restless Legs Syndrome (RLS) in wakefulness. Three patients had probable RBD.
There were no significant correlations at baseline between sleep parameters and gait characteristics. Sleep quality, previously a "Cinderella" topic in neurodegenerative research, is attracting increasing attention as a window to the underlying pathophysiological cascade. The mechanisms regulating sleep quality are complex, with numerous brain regions implicated. However, the close anatomical and functional proximity between sleep and gait control centres makes the hypothesis that dysfunction in one domain will lead to abnormalities in the other an attractive one.
Our study highlights an association in an incident PD cohort between poor sleep and more rapid deterioration of gait-related postural control. We found a relationship between both poor sleep efficiency and higher indices of sleep fragmentation and greater step width variability in PD participants. People with early PD can present with a less variable step width, possibly reflecting an inability to adapt to dynamic locomotor challenges. [10] However, excessive step width variability may manifest with disease progression and has been associated with balance impairment [17] and higher risk of falls [18] in elderly community-dwelling individuals, and a trend toward greater fall risk in PD [19] . Whilst aberrant sleep patterns may be associated with broadscale effects over time, in that some adverse associations were also seen in our control group, it is conceivable that the deleterious impact of poor quality sleep is magnified in the setting of a disease affecting gait, particularly aspects mediated by postural control, hence the more compelling results in the PD group. It may be that patients with PD exhibit greater vulnerability to the ageing process.
Furthermore, the association continues to hold after controlling for cognition, raising the tantalising prospect that the observation in this small, exploratory study may unveil a hitherto underrecognised link between sleep and gait in PD. Recent data from another group interrogating the functional neuroanatomy of pedunculopontine nucleus networks [20] have also suggested a link between disturbed sleep and postural control impairments in PD.
We acknowledge the small participant number involved as a limitation of this study. This reflects the proportion of subjects from the larger ICICLE and ICICLE-GAIT studies who completed all components of each assessment over time, and as such represents a small, but deeply phenotyped nested cohort.
The small sample size precludes use of more definitive statistical analysis; nonetheless the association between sleep and gait characteristics related to postural control was robust.
Furthermore, the consistency of the association across single-and dual-task protocols makes the possibility of Type I error less likely. Employing wrist actigraphy rather than full polysomnography may be considered a limitation, but wrist actigraphy is an established marker of sleep fragmentation in PD; furthermore in our study, sleep-disordered breathing and PLMS were sought and quantified.
Sleep disturbance in PD has multiple causes including sleep-disordered breathing, RBD, RLS and asymptomatic PLMS. To our knowledge, this is the first study to address a relationship between sleep indices and gait outcomes in an incident PD cohort. The suggestion that poor sleep, which is frequently remediable, may be associated with unfavourable motor progression warrants greater exploration in larger prospective studies. 
